We describe here the first three-dimensional structure of the cardiac L-type voltage-gated calcium channel (VGCC) purified from bovine heart. The structure was determined by electron microscopy and single particle analysis of negatively stained complexes, using the angular reconstitution method. The cardiac VGCC can be isolated as a stable dimer, as reported previously for the skeletal muscle VGCC, with a central aqueous chamber formed by the two halves of the complex. Moreover, we demonstrate that the dimeric cardiac VGCC binds the dihydropyridine [
In the heart, L-type voltage-gated calcium channels (VGCCs) 1 are essential for regulating the influx of Ca 2ϩ ions across the sarcolemmal membranes, which are essential for muscle contraction. The blockade of Ca 2ϩ entry through the cardiac VGCC represents one of the principal approaches for the treatment of ischemic heart disease. The VGCCs are often referred to as dihydropyridine receptors due to the high affinity binding of the dihydropyridine group of agonist and antagonist drugs. The calcium-conducting pathway of the VGCCs is formed by the ␣1 polypeptide, and 10 different tissue-specific isoforms of the ␣1 subunit have been identified to date (␣1A-␣1I, ␣1S, now termed Ca v 1.1-Ca v 3.3). Common to all of the ␣1 isoforms is a transmembrane domain composed of four homologous repeats each containing six ␣-helices (1). The symmetrical arrangement of the S6 and S5 helices together with the linker polypeptide, contributed from each transmembrane segment, is believed to form the ion channel pore (2) . The ␣1C (Ca v 1.2, ϳ240 kDa) is enriched in mammalian heart and vascular smooth muscle, whereas ␣1S (Ca v 1.1, ϳ175 kDa) is expressed in skeletal muscle (1) . There is a 66% sequence homology between these two ␣1 isoforms with conservation of the transmembrane repeats and the III-IV loop. Differences arise in the N-and C-terminal domains, which are slightly larger in the ␣1C polypeptide. In addition, regions assigned to the cytoplasmic side of the membrane are less well conserved (3) . The ␣1 polypeptides of the VGCCs are stoichiometrically associated with a variable number of accessory subunits (4) . In the heart, two additional proteins, ␣2␦ and ␤, are believed to form the cardiac VGCC by non-covalent association with the ␣1C subunit (for review see Ref. 5) . A diversity of ␣2␦ subunits has been reported, and to date four genes have been identified with type 1 and, to a much lower extent, with ␣2␦-3 found in the heart (6) . The ␣2 polypeptide is entirely extracellular, heavily glycosylated, and is anchored to the membrane via disulfide bonding to the ␦ polypeptide (7, 8) . Four ␤ isoforms have been identified (␤ 1 -␤ 4 ), with ␤ 2 (ϳ66 kDa) found in high density in the heart together with ␤ 1b and, depending on species, ␤ 3 (9) , with ␤ 1a (ϳ54 kDa) specific to skeletal muscle (10) . An additional ␥ polypeptide (ϳ30 kDa) completes the fully assembled skeletal muscle VGCC, with topology studies indicating that it is predominantly hydrophobic with four transmembrane ␣-helices (11) . Although neuronal isoforms of this subunit have been identified (12) , there is no direct evidence for the presence of a ␥ subunit forming part of the cardiac ion channel. The functions of these auxiliary subunits have not been fully established, but involvement in channel gating, stabilization of ligand binding, and the correct plasma membrane trafficking of the ␣1 polypeptide have been suggested (13) (14) (15) (16) (17) .
We have reported previously the three-dimensional structure of dimeric VGCC complexes, purified from rabbit skeletal muscle. The structure was derived from negatively stained (uranyl acetate) complexes using the random conical tilt method (18) with an estimated resolution of 2.7 nm (19) . Biochemical and structural data indicated that the VGCC complexes were dimeric. This dimer was roughly toroidal in shape, ϳ21 nm across, and composed of two arch-shaped monomers each ϳ7.5 nm thick. The two arches contact at each end creating a central void (ϳ8 nm in diameter) that is isolated from the external medium by two finger-like protrusions, extensions from the arches that curl around on each side. The dimensions and gross structural features of the dimeric particles are in good agreement with earlier rotary-shadowed images of freezedried, purified rabbit skeletal muscle VGCC complexes (20) . Projection structures of negatively (uranyl acetate) stained monomeric VGCC complexes ϳ20 ϫ 10 ϫ 9 nm in size have also been reported (21) . The monomers have the same height as the dimeric VGCC three-dimensional particles and are approximately half the base length. Serysheva et al. (22) studied VGCC complexes that differed somewhat in dimensions to the monomers reported in Ref. 21 but closely resembled the subcomplexes composed only of the ␣1 and ␤ polypeptides, also described in Ref. 21 . Recently, Wolf et al. (23) have presented a three-dimensional structure of a monomeric skeletal muscle VGCC using cryo-EM techniques. This structure shows some of the features reported by Murata et al. (21) but differs with that reported in Ref. 22 . However, many of the features of the three-dimensional monomeric structure in Ref. 23 are also found in the dimeric structure presented here and earlier (19) . The skeletal muscle monomers are approximately half the size of the dimer along one dimension, with the protruding "leg" density (23) bearing a strong resemblance to the "finger" domains that we have described.
We have now extended our studies to the cardiac muscle VGCC, which represents a much more challenging target for structural studies because of its naturally low abundance in the heart. Several groups (e.g. Refs. 24 and 25) have reported purification protocols for isolating the cardiac VGCC with some success, although there has been a lack of consistency in polypeptide composition. We describe here the first three-dimensional structure for the purified cardiac VGCC using the angular reconstitution technique that is based on the common lines theorem (26, 27) and using the EMAN image processing suite (28) .
EXPERIMENTAL PROCEDURES

Purification of the Cardiac VGCC
Sarcolemmal membranes were prepared from bovine heart according to Ref. 29 . All buffers throughout the purification were supplemented with a protease inhibitor mixture containing 0.1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 1 M pepstatin A, and 1 M L-transepoxysuccinyl-leucylamide(4-guananido)butane. Typically, 200 g of minced heart were used for one preparation. VGCCs were solubilized from the sarcolemmal membranes by incubation with 1% (w/v) digitonin (detergent:protein, 5:1) in 20 mM Tris, pH 7.5, for 45 min with gentle agitation at 4°C and at a protein concentration of 2 mg/ml. Unsolubilized material was removed by ultracentrifugation at 50,000 ϫ g. The supernatant was incubated on a DEAE column (10 ml, DEAE-Sepharose Fast Flow, Amersham Biosciences) equilibrated in solubilization buffer for 30 min. The column was washed with 5 column volumes of 20 mM Tris, pH 7.5, 2 mM CaCl 2 containing 0.1% (w/v) digitonin. The VGCCs were eluted from the column using a linear NaCl gradient (0 -0.5 M). The fractions containing the cardiac VGCC were determined by immunoblotting with antibodies against ␣1, ␤, and ␣2 subunits. Monoclonal antibodies for the ␣1 and ␣2 subunits were purchased from Sigma, and the ␤ polyclonal antibody prepared as described previously (13) . The semi-purified VGCC fractions were pooled and incubated on a wheat germ agglutinin (WGA) column, 10 ml (Sigma), equilibrated with 20 mM Tris, pH 7.5, 2 mM CaCl 2 , 0.1 M NaCl, 0.1% (w/v) digitonin for 30 min at 4°C. The WGA column was washed with 5 column volumes of the equilibrating buffer and the cardiac VGCC eluted by the inclusion of 0.2 M N-acetylglucosamine (Sigma) in the equilibration buffer. The eluted fractions containing the cardiac VGCC (confirmed by immunoblotting) were concentrated using an Amicon concentrator (Millipore Ltd.). The concentrated fraction was then layered on top of a 5-30% (w/v) sucrose gradient in 20 mM Tris, pH 7.5, 2 mM CaCl 2 , 0.1% (w/v) digitonin. Gradients were centrifuged for 90 min at 210,000 ϫ g. 0.5-ml aliquots were taken from the gradient, with the presence of the cardiac VGCC complex in each fraction detected by Western blotting as described above. By using an Amicon concentrator, the buffer was exchanged (to remove the high concentrations of sucrose) with the purified cardiac VGCC material in a final buffer composed of 20 mM Tris, pH 7.5, 2 mM CaCl 2 , and 0.1% (w/v) digitonin (including the protease inhibitor mixture). This method typically yielded between 20 and 40 g/ml purified cardiac VGCC (ϳ10 -20 g of purified protein/200 g of heart ventricles).
Gel Electrophoresis
Purified cardiac VGCC preparations were examined by SDS-PAGE. Aliquots were incubated with sample buffer (60 mM Tris (pH 6.8), 25% (v/v) glycerol, 2% (w/v) SDS, 14.4 mM 2-mercaptoethanol, 40 mM dithiothreitol, and 1% (w/v) bromphenol blue) at 90°C for 5 min. Nonreducing sample buffer was made as above, but the dithiothreitol was omitted from the sample buffer mix. 4 -20% gradient gels (Bio-Rad) were run at 200 V for 45 min. Native gels were run as described previously (19) .
Immunoblotting
Protein bands from gels were transferred to nitrocellulose using a Biometra Electrophoretic transfer cell. Ponceau S staining (0.2% (w/v) Ponceau S, 3% (v/v) trichloroacetic acid, 3% (v/v) sulfosalicylic acid) of the nitrocellulose indicated that 90 min at 20 V was required for protein transfer as described previously (19) . Monoclonal antibodies against the cardiac VGCC ␣1 and ␣2 subunits were purchased from Sigma, and antisera and affinity-purified antibodies raised against anti-␤ peptide (Ab2491) were prepared as described previously (19, 30) .
Photoaffinity Labeling of the Cardiac VGCC Complexes
Covalent incorporation of [
3 H]azidopine with purified cardiac VGCC was carried out as described previously (31), with some modifications. In brief, 40-l aliquots (ϳ30 g/ml) were incubated in the dark with [ 3 H]azidopine with increasing concentrations ranging from 10 pM to 500 nM for 2 h on ice. The radioactive ligand was cross-linked to the cardiac VGCC samples by irradiation with a UV source (handheld Mineral light lamp, model UVSL-25) on ice for 5 min. Free azidopine was removed by running samples on gels after incubation with an equal volume of sample buffer. Gels were fixed and then soaked in Amplify TM (Amersham Biosciences) and exposed to Kodak film (Biomax Light Film) for up to 28 days at Ϫ80°C. Gels were also run in parallel, from which the region corresponding to the ␣1 polypeptide was excised and incubated for 3 days with scintillation fluid prior to liquid scintillation counting (Packard 2000CA liquid scintillator). Radioactive counts (counts/min) were plotted against [ 3 H]azidopine concentration, and a double-reciprocal plot allowed an estimation of K d .
Size-exclusion Chromatography
Size-exclusion chromatography was carried out by using a Bio-Rad HPLC system, equipped with a Bio-Gel TSK40 (300 ϫ 7.5 mm) gel filtration column. Bio-Rad gel filtration standards, thyroglobulin (670 kDa), bovine ␥-globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobulin (17 kDa), and vitamin B 12 (1.35 kDa), were used together with blue dextran (2 MDa, Sigma) and bovine serum albumin (64.43 kDa, Sigma) to calibrate the column. The column was equilibrated with 40 mM Tris (pH 7.5) and 0.5% (w/v) CHAPS in the absence of asolecithin. The approximate molecular masses of eluted protein were determined from a calibration curve constructed from elution volumes of the gel filtration standards. Affinity-purified antibody raised against anti-␤ peptide (Ab2491) was used to detect the presence of the skeletal muscle VGCC complexes in the various HPLC fractions. 10-l aliquots from HPLC fractions were dotted onto nitrocellulose and left to dry at room temperature. The nitrocellulose was then incubated for 1 h with the primary antibody Ab2491 (dilution 1:200). An anti-rabbit IgG secondary antibody (Sigma) with an alkaline-phosphatase conjugate was employed for immunodetection. The spot areas were quantified using ImageQuant (version 5.1) after background subtraction.
Electron Microscopy
Cardiac VGCC preparations (20 -40 g/ml) were negatively stained with uranyl acetate and examined in a Philips Tecnai 10 transmission electron microscope as described previously (19) . Electron micrographs were recorded at a calibrated magnification of ϫ43,400 on Kodak Electron Image film SO-163. Electron micrographs were digitized (UMAX PowerLook 3000 Scanner) at a scan step of 16 m (3.7 Å/pixel at the specimen level). Samples of skeletal muscle VGCC at 100 g/ml protein (in a buffer containing 20 mM Tris, pH 7.5, 0.5% (w/v) CHAPS (Sigma), 0.25% (w/v) asolecithin (L-␣-phosphatidylcholine from soyabean, type II-S, Sigma), including protease inhibitors) were suspended in a thin layer of 5% (w/v) ammonium molybdate and 1% (w/v) trehalose, pH 7.0, as described in Ref. 32 on carbon-coated grids.
Lectin and Immunolabeling of Skeletal Muscle VGCC
Lectin, wheat germ agglutinin (WGA) (from Triticum vulgaris), conjugated to 5 nm colloidal gold (British Biocell Ltd.) was incubated with the purified skeletal muscle VGCC samples as described previously (19) ; samples were then stained with ammonium molybdate/trehalose as described above. VGCC complexes were also double-labeled with both WGA-gold and affinity-purified anti-␤ peptide antibody (Ab2491) (30) . Samples were initially incubated with the WGA-gold conjugates (5 nm) followed by a second incubation with anti-␤ peptide antibody (Ab2491) each for 1 h at 4°C followed by staining with ammonium molybdate/trehalose as described above.
Image Processing
Three-dimensional Reconstruction of the VGCCs-1,450 individual images were interactively selected from scanned micrographs of purified cardiac VGCC into 96 ϫ 96 pixel boxes using the graphical interface boxer, part of the EMAN processing software (28) . The selected particles were bandpass filtered, centered, and a set of reference-free class averages generated. In a similar manner 1,458 images of the purified skeletal muscle VGCC embedded in ammonium molybdate/trehalose were selected and treated using the same protocols for the cardiac VGCC data set. Following established procedures in the EMAN software suite, a preliminary three-dimensional model was determined from class averages that represented distinct views for each data set. The relative orientations of the characteristic views were determined using a Fourier common-lines routine and the averages combined to generate the preliminary three-dimensional model, the starting point for the main refinement loop. The class averages generated in the refinement loop are produced by a projection matching routine, whereby projections with uniformly distributed orientations of the preliminary three-dimensional model are used as references for classification of the raw data set, with the class averages from this step used to construct a new three-dimensional model. This is an iterative procedure with convergence assessed by examining the Fourier shell correlation (FSC) of the three-dimensional models generated from each iteration. The final three-dimensional volumes for the cardiac and skeletal muscle VGCC data sets were determined after eight rounds of iterative refinement, from 75 and 79 class averages, respectively. As a validation of the software, raw particles forming several of the major classes were selected in SPIDER and subjected to reference-free alignment. The resulting class averages were compared with the EMAN class average that demonstrated good agreement (data not shown). The three-dimensional reconstruction for each data set was carried out with 2-fold rotational (C2) symmetry imposed in accordance with previous analyses (19) and biochemical data.
The untilted data set (2,405 particles) of purified skeletal muscle VGCC complexes stained in uranyl acetate (19) was converted to EMAN format and a final three-dimensional model calculated as above.
Back projections of the three-dimensional volumes were generated using SPIDER commands (18) . The resolution of each reconstruction was assessed by dividing the data set into two, calculating volumes for the two sub-sets, and estimated by the FSC coefficient with the resolution limit taken to be where the FSC value fell below 0.5 (33) . (18) were employed for single particle analysis of WGA-gold single labeled VGCC complexes. Complexes were selected (n ϭ 67) using a box size of 110 ϫ 110 pixels. Particles were initially aligned using reference-free methods, with selected class averages from this procedure used for multireference alignment of the data set.
Two-dimensional Alignment of Lectin-labeled Skeletal Muscle VGCCs-SPIDER & WEB image processing packages
Modeling
Sequence alignment of the voltage-dependent potassium channel from the archaebacteria Aeropyrum pernix (KvAP) structure (34) with the cardiac and skeletal ␣1 subunits was done using ClustalW (35) . Modeling of the KvAP structure (Protein Data Bank file 1ORQ) with the VGCC three-dimensional structures reported here was carried out using XtalView (36) . Density maps were displayed using XtalView and also the SPOCK molecular graphics software (37) .
RESULTS
Characterization of Purified Cardiac VGCC-A silverstained SDS-PAGE gel of cardiac VGCC purified from beef heart is shown in Fig. 1A , lane 2, illustrating that the cardiac VGCC preparation is composed of four principal polypeptides, ␣1 (ϳ230 kDa), ␣2 (ϳ120 kDa), ␤ (ϳ66 kDa), and ␦ (ϳ33 kDa).
Western blotting (lanes 3-5) confirmed the assignment of the ␣1, ␣2, and ␤ subunits. The smeared band at ϳ50 kDa was also found in lanes containing no protein, suggesting this was an artifact. Photolabeling of the purified cardiac VGCC with trophoresis (Fig. 1B, lane 1) revealed that the cardiac VGCC migrates as a single high molecular weight species, ϳ800 kDa in molecular mass (indicated by the black arrow). Analysis of the labeled material from the sucrose gradient indicated (assuming a 1:1 stoichiometric association of the azidopine and cardiac VGCC) that the purification protocol yielded samples ϳ86% pure cardiac VGCC.
Three-dimensional Structure of the Cardiac Muscle VGCC-A montage of selected areas from four electron micrographs of purified cardiac VGCC is shown in Fig. 2A after staining with uranyl acetate. The specimen is characterized by protein complexes ϳ20 nm in length (indicated by black arrows), highly reminiscent of the dimeric skeletal VGCC complexes reported earlier (19) . However, unlike the skeletal muscle VGCC, which presented a preferred orientation of the complex in uranyl acetate, several different views of the cardiac VGCC were identified as shown in Fig. 2B (1st and 2nd rows) . The presence of multiple orientations for the cardiac VGCC allowed us to calculate a three-dimensional structure using common lines methodology (26, 27) with the EMAN software (28) . Examples of some class averages, from the range of orientations used to determine a preliminary three-dimensional model, are shown in Fig. 2B , 2nd row, with an aligned particle representative of each group in the row above. Back projections of the final three-dimensional channel volume (Fig. 2B, 3rd row) showed good correlation to the class averages and the raw data.
The three-dimensional volume of the cardiac VGCC, at ϳ2.5 nm resolution (estimated on the basis of FSC ϭ 0.5 (33)), is displayed in Fig. 3 , after 2-fold rotational symmetry was applied. 2-Fold rotational (C2) symmetry was assigned on the basis of the biochemical data and by comparison with the dimeric skeletal muscle VGCC in Ref. 19 . Presented in A-D are orthogonal side views revealing a complex ϳ19 nm in height, i.e. ϳ2 nm less than the skeletal muscle form (19) . The overall shape of the cardiac VGCC as displayed in A and C is less rounded than the skeletal muscle VGCC (19) with a distinct tapering toward one end of the complex. By using wire-frame contouring to display the volume (see Fig. 3C ), the finger domain and the outer band of density formed by the two monomer arches, structural features previously reported for the skeletal muscle dimeric structure in Ref. 19 , are clearly apparent. The finger domains are protein densities protruding from the monomer arches that surround a central aqueous compartment (see Fig. 3G ). Rotation of the view in Fig. 3 , A and C, around the C2 axis by 90°presents a view of one of the monomer arches, which can be seen to be resolved into 3 domains and has a distinct kink in the middle. On either side of the monomer arch there is a finger domain, giving a total complex width of ϳ14.5 nm, as shown in Fig. 3 , B and D. In this orientation the cardiac VGCC can also be found to narrow toward the top end of the complex, a feature we term the "nose." The nose region at the top of the complex is shown in more detail in Fig. 3E and is found to be formed by the intimate association of the monomer arches creating a narrow bridge, with some contribution from the tips of the finger domains. The opposing face of the complex (bottom) of the structure (Fig. 3F) is characterized by two distinct protein domains in the center of the complex with the monomer arches curling around on either side. The interior of the complex is revealed in Fig. 3G with the foremost portion of the complex (ϳ6 nm) cut away to reveal a central chamber that encloses a volume with a height and width ϳ5 ϫ 3 nm, respectively, and depth of ϳ4 nm (as outlined by the black dotted line).
Comparison of the Cardiac and Skeletal Muscle VGCC Structures-In view of the greater number of projection classes for the cardiac VGCC, thus resulting in a greater sampling of three-dimensional space, the skeletal muscle VGCC structure described in Ref. 19 is inevitably less detailed by comparison, especially along the direction perpendicular to the main projection due to the missing cone phenomenon (39) . We also tested whether differences could arise because of different image processing procedures. The data set used for the skeletal muscle VGCC was therefore reanalyzed using the common lines approach. By using the EMAN software (28), several views of the complex in addition to the predominating side view, a structure circular in shape with a diameter of ϳ22 nm, were identified permitting the calculation of a new three-dimensional volume (Fig. 4) , at an estimated resolution of ϳ2.7 nm. As can be observed in Fig. 4 , the resulting structure was consistent with the structure obtained by the random conicaltilt methodology with the monomer arches and finger domains readily identifiable. The more rounded appearance of the skeletal muscle VGCC (diameter ϳ23 nm) in comparison to the cardiac version, when viewed from the side (i.e. spanning the membrane), is also discernible (compare Fig. 3A with Fig. 4A) . Rotation of the view in Fig. 4A around the C2 axis by 90°shows a monomer arch flanked by two finger domains giving a total complex width of ϳ17 nm, some ϳ3 nm wider than that reported earlier (19) . The central aqueous chamber is also revealed (Fig. 4C) and has a diameter of ϳ7 nm, similar in size to that described previously (19) but larger and more spherical in appearance than that formed by the cardiac VGCC dimer (Fig.  3G) . The nose domain is well defined in Fig. 4 . This feature was not previously resolved (19) but can be seen here to be composed of two protein densities, arranged in a similar manner to that observed in the cardiac VGCC three-dimensional structure.
For immunolabeling and lectin-gold labeling studies to probe the quaternary organization of multisubunit protein complexes, it is preferable to use a stain that more faithfully preserves weak non-covalent interactions at neutral pH. For this purpose ammonium molybdate with trehalose produces a stable embedding medium at pH 7 (32). Inclusion of trehalose has been reported to reduce flattening, lead to greater orientational freedom, and provides electron beam protection to protein complexes in the high vacuum (32) . We have therefore employed this medium for labeling skeletal muscle VGCC with the aim of assigning the extracellular and intracellular sides of the complex (see later). A further advantage, when examining skeletal muscle VGCCs embedded in ammonium molybdate/ trehalose (same batch as characterized in Ref. 19) , was the increased number of orientations of the VGCC dimers observed, when compared with uranyl acetate-stained samples. A representative electron micrograph of purified skeletal muscle VGCC complexes after staining with ammonium molybdate/ trehalose is shown in Fig. 5A . The VGCC complexes were found to be very similar in size to those reported previously (19) (black arrows) except that the central cavity often appeared to be less well contrasted. Examples of class averages displaying different orientations of the skeletal muscle VGCC are shown in Fig. 5B , 2nd row, with representative particles from each class average presented in the row above. Back projections of the three-dimensional volume are shown in the 3rd row and demonstrate good correlation with the class averages and raw data. The three-dimensional volume is displayed at two different thresholds using wire-frame contouring in Fig. 6. Fig. 6A shows the side view of the skeletal muscle VGCC (comparable with Fig. 3A and Fig. 4A ). The overall rounded appearance (diameter ϳ23.5 nm) is again confirmed, and the finger domains, monomer arches, and nose feature are resolved (see Fig.  6, A and B) . The top and bottom of the complex are presented in Fig. 6, C and D, respectively. The bottom view is characterized by two juxtaposed protein domains, and the top view   FIG. 3 . Three-dimensional structure of the cardiac VGCC. A, surface representation of the cardiac VGCC as viewed parallel to the membrane plane (displayed at 2 above the mean density). B, rotation of image in A around the 2-fold rotational symmetry (C2) axis by 90°. C and D, three-dimensional structures as presented in A and B, respectively, but displayed using contouring (blue mesh ϭ 2 and red mesh ϭ 3.5 above the mean density). E, putative extracellular view of the complex, and F, putative intracellular view of the cardiac VGCC. G, cut-away of the three-dimensional structure as displayed in B to reveal the interior of the cardiac VGCC structure. Scale bar, 5 nm.
shows the nose to be formed by a ridge of density as also observed for the cardiac VGCC structure in Fig. 3. In Fig. 6E , the front portion of the complex (when orientated as in B) has been cut away to reveal a large central cavity, with a height of ϳ8 nm and width of ϳ4 nm, narrowing toward the bottom. It is difficult to estimate the depth of the cavity as it was found not to be a continuous void but a series of interconnecting chambers (data not shown).
Labeling of the Skeletal Muscle VGCC-By having established the reproducibility of the structural analysis in ammonium molybdate/trehalose, we undertook antibody and WGAgold labeling of the skeletal muscle receptor to map the approximate positions of the ␤ polypeptides and the extracellular glycosylated moieties, respectively. Fig. 7A, left panel, shows an example of a VGCC complex dual labeled with an anti-␤ subunit IgG and WGA-gold conjugate, whereas the particle in the right panel is an example of a dimer labeled with two WGA-gold conjugates and a single anti-␤ IgG. No VGCC complexes were observed with two IgG molecules bound. From these data it is apparent that the WGA-gold conjugates cluster at two locations that appear to be symmetry-related on the upper portion of the complex, whereas the anti-␤ IgG molecules bind to the lower portion close to the C2 symmetry axis and on the opposite side of the complex to the WGA-gold.
Single particle averaging of VGCC complexes labeled with one WGA-gold conjugate was carried out in order to obtain a more precise localization of the glycosylation site(s) on the extracellular face of the complex, as shown in Fig. 7C . The averaged projection is consistent with previous projections generated from larger numbers of unlabeled particles, presenting a side view of the complex. The dotted white line indicates the position of the C2 symmetry axis. The gold label is visualized as an electron dense (black) circular domain ϳ5 nm in diameter which is slightly offset to the right of the dyad axis and close to the nose feature protruding from the tapered end of the complex. The gold sphere is located ϳ4 nm away from the VGCC complex with the gap consistent with the presence of the intervening lectin molecule (ϳ36 kDa).
Skeletal Muscle VGCC Monomers and Dimers-Purified skeletal muscle VGCC, previously that ran as a single band on a native gel (19) , was applied to a size-exclusion chromatography column (in the absence of lipids). Two principal peaks, I and II, eluting at 15.40 and 19.83 min, respectively, were observed ( Fig. 8 ) with protein levels in the ratio of peak I:peak II ϭ 1:2.5 (data not shown). Both peaks were immunoreactive to the anti-␤ peptide antibody, Ab2491 (Fig. 8A) , and SDS-PAGE gave typical polypeptide profiles for VGCC (data not shown). Calibration of the size-exclusion column showed that the two peaks corresponded to ϳ1.07 MDa and ϳ480 kDa which would correlate to the expected masses of a VGCC dimer and monomer, respectively. Peak I eluted later than the void volume (blue dextran eluted at 13.93 min), and so it was unlikely that peak I represented randomly aggregated VGCC complexes. Aliquots from peaks I and II were examined by electron microscopy after staining with ammonium molybdate/ trehalose. In peak I ellipsoidal particles ϳ20 nm in length were observed (Fig. 8B, top row) that were indistinguishable from the skeletal VGCC dimers reported earlier (19) and described here. Examination of peak II found protein particles approximately half the size (diameter ϳ10 nm) of those in peak I (compare Fig. 8B, top and bottom rows) . These smaller particles were similar in shape and size to the monomeric VGCC complexes assigned as "face-on" views reported by Murata and colleagues (21) , and to orientations of the three-dimensional structure more recently described by Wolf et al. (23) . DISCUSSION 
Oligomeric Form of L-type Voltage-gated Calcium Channels-
The structural and biochemical data presented here for the purified bovine cardiac VGCC reveal that it has been isolated as a stable dimer with an approximate molecular mass of ϳ800 kDa, consistent with our previous studies of a dimeric form of the skeletal muscle VGCC (19) . The purified dimeric cardiac VGCC complex binds [ 3 H]azidopine, and this ligand is specifically associated with the ␣1 polypeptide. These data demonstrate that the cardiac dimeric form is functional in terms of drug binding with a K d value for azidopine in agreement with findings published previously (38) . The data presented in Fig. 8 show that the skeletal muscle VGCC dimer may be dissociated to monomers under conditions employed for size-exclusion chromatography, i.e. high detergent:protein ratio, dilution, extended run times, and absence of lipid. Native gels of purified VGCC complexes run at low temperatures and higher protein concentrations displayed only one principal band at ϳ750 kDa (19) and one corresponding immunoreactive band, demonstrating that the VGCC was stable under mild electrophoretic conditions. A comparison of the results from native gels, EM, and the size-exclusion chromatography data reported here suggests that different procedures employed for chromatography led to the dissociation of dimers to monomers. This dissociation may be associated with the presence or absence of lipids (20) during purification that could indicate lipid mediation of the oligomeric form of VGCC. On comparing the purification methods used by various groups, it can be seen that those methods leading to the isolation of skeletal muscle VGCC monomers employed digitonin for solubilization, whereas that leading to dimers used CHAPS/asolecithin (19) . The rotary shadowed particles with dimensions and structural features very similar to the dimeric VGCC, which were reported by Leung et al. (20) , also involved the use of CHAPS/ asolecithin for isolation of the skeletal muscle form. Other differences between the preparations may arise from alternative purification procedures. In this study we followed an es- ; open circles represent the position of the WGA-gold conjugates. C, projection map of WGA-gold labeled skeletal muscle VGCC dimers. D, three-dimensional structure of the skeletal muscle VGCC (stained with ammonium molybdate/trehalose) displayed using two different density thresholds (contouring; red mesh 3.5 and blue mesh 4.5 above the mean density) orientated so to illustrate correlation of the nose domain with the projection map in C. E, putative orientation of the skeletal muscle VGCC three-dimensional structure with respect to the t-tubular (T-T) membrane. F, slice through the three-dimensional skeletal muscle VGCC dimer at the putative transmembrane/extracellular interface. Slices taken perpendicular to the C2 axis. Scale bar, 10 nm.
tablished four-step method (40), whereas Murata et al. (21) employed a three-step procedure, Serysheva et al. (22) employed a rapid two-step isolation protocol, with Wolf et al. (23) following a procedure similar to this group with the main difference being the detergent employed.
Here we also describe the isolation of a dimeric cardiac VGCC that has been solubilized from the sarcolemmal membranes using digitonin, but with no supplemental lipids added. This suggests that for the cardiac VGCC dimer factors other than exogenous lipid are important for dimer stabilization. Differences in lipid composition between the skeletal muscle transverse-tubules and sarcolemmal membranes and the differential solubilizing effects of the digitonin on skeletal and cardiac forms of VGCC may be pertinent. For example, we do observe a partial dissociation of the cardiac VGCC dimers to monomers when samples of purified material are diluted (ϳ1:2) with buffer (data not shown). A possible explanation may be that sufficient endogenous lipids co-purify with the cardiac channel to stabilize dimer formation but when diluted concentrations are no longer sufficient to help maintain the oligomeric form.
As yet it remains to be established whether the monomeric, dimeric, or an even higher oligomeric form is the functional unit of the skeletal or cardiac VGCCs. However, the concept of oligomeric forms of skeletal and cardiac VGCCs have been described by other groups, e.g. Chang and Hosey (41) in which it was demonstrated that the skeletal muscle VGCC can be isolated as a single high molecular weight species (ϳ800 -900 kDa). Furthermore, functional reconstitution experiments by Hymel et al. (42) also indicated an oligomerization of the skeletal muscle VGCC. More recently, Marks and co-workers (43) have isolated oligomers of the cardiac ryanodine receptors tetramers (RyR2). Reconstitution of the coupled RyR2 into planar lipid bilayers showed the oligomers to be functional with the multiple channels showing simultaneous gating. Similar data were also reported previously (43) for the skeletal muscle isoform (RyR1). This may be important for understanding skeletal muscle excitation-contraction coupling for which a direct association of the VGCCs and RyRs is indicated. Clearly a priority for future work will now be establishing whether the dimer formation is a result of detergent-induced oligomerization or if they represent a functional form. Investigations will include reconstitution experiments of the dimeric VGCC complexes, described here, into lipid bilayers to determine whether they are functional and, if they are, whether the gating of the two channels is synchronized.
Comparison of the Cardiac and Skeletal Muscle VGCC Dimer Three-dimensional Structures-A comparison of the cardiac and skeletal muscle VGCC volumes presented in Figs. 3, 4 , and 6 finds that they share a common architectural design with one of the characteristic features being a central aqueous compartment formed by the two halves of the dimers. It seems unlikely that the central compartment would penetrate the lipid bilayer, indicating that the complex is probably asymmetric with respect to the membrane, in agreement with topological predictions. However, the more complex nature of the interconnecting chambers forming a central aqueous region in the three-dimensional structure of the skeletal muscle VGCC after embedding with ammonium molybdate/trehalose reflects the different behavior of the negatively charged molybdate ions compared with the positively charged uranyl ions. Therefore, in order to gain a more detailed definition of the interior compartment(s) formed by the two halves of the VGCC dimers, future work will concentrate on examining unstained specimens. However, by using negative stains we are able to conclude that since the stain penetrates the cavity, it must be at least partially accessible from the external medium, and close examination of the three-dimensional VGCC volumes find that in all structures the outer surfaces are punctated by small holes that run through to the central chamber. The three-dimensional structure of the voltage-gated sodium channel (44) also describes a series of orifices that connect through to several central chambers suggesting that ion permeation may be a common facet important to function. However, whether the narrow entrances through the finger domains confer any selectivity for Ca 2ϩ ions remains to be investigated. Labeling data of the skeletal muscle VGCC with both anti-␤ IgGs and lectin-gold are consistent with the dimeric nature of the ellipsoidal ϳ20 nm particles and also support topology predictions and biochemical data (13, 45, 46) that place the ␣2 and ␤ polypeptides on the opposite faces of the VGCC complexes. By using single particle analysis methods, we have also demonstrated that the WGA-gold binds close to the nose feature, and correlation of this structure to the skeletal muscle three-dimensional volume (see Fig. 7D ) has permitted assignment of the extracellular face of the complex, placing the ␤ subunits on the opposite face, on the intracellular side of the complex. We have therefore tentatively assigned the intracellular and extracellular faces of the VGCC complex allowing orientation of the skeletal muscle form with respect to the transverse-tubular membrane as shown in Fig. 7E .
The putative intracellular face is characterized by two densities closely associated at the dyad axis, related by rotational symmetry (e.g. see Fig. 3F ). Therefore, we have tentatively assigned these protein domains as slices through the ␤ subunits in accordance with labeling described here. The organization of the ␤ polypeptides in this manner may explain why no dimeric skeletal muscle VGCC complexes were observed la- beled with two anti-␤ IgGs since steric hindrance would prevent such an association. Because the ␣2 polypeptide forms much of the extracellular mass of the VGCCs (13, 45) , it seems reasonable to infer that the nose and finger domains are mainly formed by the ␣2 subunits. Correlation of the nose feature of the cardiac VGCC three-dimensional reconstruction with the skeletal muscle structure also permits assignment of the intracellular and extracellular faces of the cardiac complex as shown in Fig. 9 . Statistical analyses of the orientation of the cardiac VGCC with respect to the skeletal muscle channel structure using cross-correlation methods support our interpretation of the data. Cross-correlation of the cardiac VGCC with the skeletal muscle volume after rotation of the cardiac structure, so that the nose features of the cardiac and skeletal VGCCs are positioned 180°with respect to each other, found a significant drop (0.11) in the cross-correlation coefficient.
Differences between the three-dimensional structures of the VGCC dimers are apparent, however, when viewed from the side (compare Figs. 3A with 4A and 6A) in which the cardiac complex has a more tapered appearance. As discussed in the Introduction, the cardiac VGCC is believed to lack a ␥ subunit, and the SDS-PAGE data presented here support that conclusion. Because the ␥ subunit is believed to be a membrane protein (11) , then it should be localized to the region assigned to the lipid bilayer. The absence of the ␥ subunit in the cardiac VGCC complex might therefore account for its more tapered appearance. We also observed that the quaternary organization of the cardiac VGCC dimer leads to a smaller structure than the skeletal muscle VGCC complex by at least 2 nm in each dimension, notwithstanding factors such as variations in stain distribution, a different detergent annulus, and reconstructive methods. Although the total mass of the complexes will be similar, we suggest that the absence of the two ␥ subunits has led to a closer association of the cardiac VGCC monomers, as also indicated by a smaller central cavity. Similarly, the absence of the ␥ polypeptides in the cardiac VGCC dimer assembly has resulted in differences to the overall shape of the intracellular and extracellular faces in comparison to the skeletal muscle form, as well as to the region assigned to the lipid bilayer as discussed above. However, we can conclude that the organization and protein-protein contacts between the ␣1, ␣2␦, and ␤ polypeptides are preserved between the two VGCCs from different tissue types, with the data presented here revealing a common architectural design. In addition, we can surmise that the ␥ polypeptides are not necessary for dimer contacts. Cross-linking experiments should be helpful for future investigations of the subunit associations in the dimer complexes. Presented in Fig. 9A is a schematic representation of the cardiac VGCC three-dimensional structure, consistent with the structural data presented here.
Structural Comparison of Other Existing Models for the Skeletal Muscle
VGCCs-Two other three-dimensional structures of a monomeric skeletal muscle VGCC have been reported (22, 23) . Paradoxically, neither of these structures shows close resemblance to each other. This may be, in part, attributable to a variation in purification protocols as discussed above and the resolutions of the final three-dimensional volumes. Some similarity is seen between the two-dimensional projection images of negatively stained monomeric skeletal muscle VGCCs presented by Murata and co-workers (21) and with certain orientations of the three-dimensional structure described by Wolf et al. (23) . However, Murata et al. (21) provided a different interpretation of their data, suggesting an asymmetric distribution of the protein densities across the transverse-tubular membrane, with a large extracellular mass, in agreement with the analyses of the dimeric structures presented here. On close examination of the monomeric structure of the skeletal muscle VGCC from Wolf et al. (23) , structural features consistent with the dimeric VGCC volumes are apparent. For example, the finger domains reported here seem to correlate well to the "leg" density in the monomer protruding from a large globular domain, including assignment of these densities by both groups as the ␣2 polypeptide. However, we have interpreted our data so that the outer ring of density (which would correspond to the large globular domain of the monomer) is orientated so that it spans the membrane, i.e. orthogonal to that shown in Wolf et al. (23) , but in agreement with Murata et al. (21) . It is interesting to note that reorientation of the Wolf et al. (23) monomer structure in agreement with our interpretation of the dimer structures would still result in the leg domain residing on the extracellular side but would also lead to the hydrophilic ␤ subunit being localized to the intracellular side of the t-tubular membrane, in the cytosol, which would be more in-line with topological predictions that the ␤ subunit is a soluble protein.
Unexpectedly, the pseudo 4-fold symmetry of the ␣1 subunit is not discernible in either of the monomeric three-dimensional structures of the skeletal muscle VGCC reported previously (22, 23) . However, the pseudo 4-fold symmetry of the comparative polypeptide forming the voltage-gated sodium channel was observed in the EM-derived three-dimensional structure (44) at similar resolutions. As described here, our interpretation of the dimeric VGCCs structure places the ␣2 polypeptide partially above the ␣1 subunit on the extracellular face, and this would obscure a pseudo 4-fold symmetry of the ␣1. Presented in Fig. 7F is a slice through the skeletal muscle VGCC dimer complex (perpendicular to the C2 axis) at the putative interface of the transmembrane/extracellular region, as depicted in Fig. 7E . This projection map shows that the dimer, at the interface, is characterized by a pair of rectangular-shaped domains, ϳ11 ϫ 8.5 nm (enclosed by the white dashed circle) composed of four densities numbered 1-4 in the figure. The four protein densities surround a central low density region, ϳ1.8 ϫ 4.0 nm in agreement with the organization that has been reported for the voltage-gated sodium (44) and potassium channels (47) and is consistent with the concept of the four transmembrane segments of the ␣1 polypeptide arranged pseudo-symmetrically to form a central pore.
Modeling of the Tetrameric Voltage-dependent Potassium Channel with the Cardiac VGCC Dimer-Recently, MacKinnon and co-workers (34) reported the structure of the tetrameric voltage-dependent potassium channel from A. pernix (KvAP) by x-ray crystallography at 3.2 Å. Sequence alignment of the KvAP monomer with the cardiac and skeletal VGCCs, ␣1C and ␣1S polypeptides, found homology of the potassium channel monomer with the second transmembrane domain of both the ␣1C and ␣1S subunits, showing significant conservation of the transmembrane helices, in particular IIS4. As such it seemed reasonable to model two KvAP tetramers with the cardiac muscle VGCC dimer, displayed at high thresholds to show only the principal protein densities, in the region we have tentatively assigned as transmembrane, see Fig. 9 , B and C. Fig. 9B presents a side orientation of the cardiac VGCC dimer with the foremost portion of the structure slabbed to reveal a possible organization of the two KvAP tetramers, which when modeled in this way contribute toward the densities we have termed "monomer arches." Fig. 9C shows the structure as viewed from the extracellular face looking down on the 2-fold rotational axis, with the extracellular portion of the complex cut away to reveal the putative transmembrane/extracellular interface illustrating that the two KvAP tetramers can be readily accommodated in the cardiac three-dimensional structure. An unusual and unexpected feature of the reported crystal structure of KvAP was the organization of the S3-S4 helices into a paddle formation leading to a new proposal for gating charged movements. These paddles are suggested to "flip" from the intracellular side of the membrane to a transmembrane orientation in response to membrane depolarization. More recently, alternative models for the organization of the helices forming the S3-S4 paddles in the KvAP crystal structure have been suggested (48, 49) , placing the S1 and S2 helices at the periphery of the channel, S4 adjacent to S5 with S3 not undergoing the transmembrane motion as described by MacKinnon and coworkers (34) . The organization of a KvAP monomer described previously (48) would lead to a more compact KvAP tetrameric structure, two of which would also be comfortably housed within the molecular envelope of the dimeric VGCC structures presented here.
Future work is now aimed at higher resolution studies by cryo-electron microscopy methods coupled with reconstitution to determine the physiological viability of the novel dimeric forms of the cardiac and skeletal muscle VGCCs reported here.
